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Aromatic structures are often regarded as privileged stabilising motifs, generally retained even when
DOL:00.0000000000000¢ competing structural effects are present. Here, we show that functional-group energetics can over-
turn this expectation in heteroaromatic tautomerism. Analysis of the 2-hydroxypyridine/2-pyridone
equilibrium reveals a near-cancellation between carbonyl stabilisation and the energetic penalty as-
sociated with perturbing the aromatic ring framework, accounting for the small experimental energy
gap. Extending this approach to pyridines, diazines, and triazines reveals a simple additive pattern:
hydroxy/carbonyl exchange favours carbonylated, non-aromatic tautomers, typically requiring two
C=0/N—H units to invert the preference, whereas amino/imine and methyl/methylidene exchanges
reinforce aromatic tautomers. Spin-coupled generalised valence bond (SCGVB) calculations analysed
within the GPF-EP method show that the quasi-classical component favours the aromatic 6¢c—6e 7«
framework, whereas quantum interference favours localised 2c—2e bonds, especially C=0. This
provides an energy-decomposition expression of m-distortivity: without interference, the aromatic
tautomers would predominate across all series. Complementary NBO analysis suggests that this
trend reflects stronger lactam-type donor—acceptor delocalisation in carbonylated N-heteroaromatic
tautomers than in the corresponding imine, methylidene, or all-carbon benzenoid keto analogues.
The model rationalises benzenoid phenols as boundary cases and predicts tautomeric preferences
along the deamination pathway from melamine to cyanuric acid. These results establish a framework
for predicting tautomeric preferences and clarify how aromatic-ring stabilisation is balanced against

functional-group energetics.

1 Introduction . 5
base formation,® azo-hydrazone chromophore switching,? and

Tautomerism is a fundamental chemical phenomenon that plays  acid-catalysed carbonyl activation in asymmetric catalysis. 19 It

a key role in both organic and inorganic systems.2 Since the
earliest days of structural chemical theory, tautomeric equilibria
have shaped our understanding of molecular structure, stability,
and reactivity. In organic chemistry, tautomerism influences
measurable reactivity trends and synthetic outcomes—affecting,
for example, polarographic reductions of carbonyl compounds,®
kinetic/thermodynamic regimes in halogenation, resonance-
assisted intramolecular hydrogen bonding in heterocycles,? Schiff
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also impacts drug-like scaffolds in solution,™ and extends to
crystal phenomena, including self-inhibition of nucleation and
growth?? and tautomerism-induced bending/twisting in biogenic
crystals. 13

In inorganic and organometallic chemistry, tautomerism re-
shapes coordination and reactivity: classic metal-carbonyl sys-
tems display C- versus O-bonding and u-CO rearrangements, 14
while tautomeric ligand designs can direct Pd-catalysed C—H hy-
droxylation with 0,18 Main-group platforms show analogous
patterns, from phosphinylidene P(=0)H = P—OH interconver-
sion with substituent-dependent kinetics18 to boride-borylene
ligand tautomerism linked to remote C—C bond formation.’? In
biological and medicinal settings, tautomerism underpins the ac-
tivity of alkaloids, amino acids, and nucleic acids.2922 Rare
tautomers of DNA bases, for example, are directly implicated in
mutagenic processes, with transient enol/imino forms hypothe-
sised to mimic Watson—Crick geometry and promote misincorpo-
ration.23 This view is supported by high-resolution crystallogra-
phy revealing near-isosteric mispairs, 2% infrared photodissocia-

Journal Name, [year], [vol.], 1 |1



Chemical Science

a O-bearing tautomers: Hydroxy—Carbonyl
=
. L, QL (L
N N0 Z N"~o
N~ ~OH H N~ “OH H

2-hydroxy- 2-pyridone 2-hydroxy- 2-piperidinone
pyridine (1a) (1b) tetrahydro- (2b)
pyridine (2a)
OH o OH JOL
| |
SNy N
NJ\OH N o Ho)\NJ\OH TN o
2,4-dihydroxy- uracil 2,4,6-trihydroxy- cyanuric acid (4b)
pyrimidine (3a) (3b) 1,3,5-triazine (4a)
DA N OH Q
o o o gl
3 3
N oH N"o s ) s
S on SR
2-hydroxy-1,3,5- 2(1H)- 2,4-dihydroxy-1,3,5- 2,4(1H,3H)-

triazine (5a) triazinone (5b) triazine (6a) triazinedione (6b)

b N- and C-bearing tautomers: Amino-Imine and Methyl-Methylidene

NH, NH
7] CL %
N \|
N N”NH | |
NH H \NJ\NHZ H’gNH
2-amino- 2(1H)- 2,4-diamino- 2,4-di(1H,3H)-
pyridine (7a) pyridinimine (7b) pyrimidine (8a) pyrimidinimine (8b)
NH, NH

)\N HNJ\NH f [ @

N/
J A A N CH N ~CH,
3
HZNJ\NJ\NHQ HN"N™NH ® H
melamine 2,4,6-tri(1H,3H,5H)- 2-picoline 1,2-dihydro-2-
(9a) triazinimine (9b) (10a) methylidene-
pyridine (10b)
CHs CH, CHj j\“z
Z "N I NH N N HN™ "NH
| |
L, o weSon,  meSon
2,4-dimethyl- 1,3-dihydro-2,4- 2,4,6-trimethyl- 1,3,5-trihydro-2,4,6-

pyrimidine (11a) bis(methylidene)-

pyrimidine (11b)

1,3,5-triazine (12a)

tris(methylidene)-
1,3,5-triazine (12b) )

o R g £
) a ) A X
| - |
H2N/l\\N/I\NH2 HaN™ “N™ “NH, HzN)\\N)\OH U
ammeline (13a) 4,6-diamino- 6-amino- ammelide (14b)
1,3,5-triazin- 1,3,5-triazine-
2(1H)-one (13b) 2,4-diol (14a)

Fig. 1 Heterocyclic systems investigated in this work.

tion evidence for coexisting uracil tautomers,22 and multiscale
simulations that map tautomerisation pathways from wobble mis-
matches to Watson-Crick-like geometries while clarifying envi-
ronmental contributions.25 More broadly, tautomeric state con-
trol modulates binding modes and assay outcomes for drug-like
scaffolds and small-molecule therapeutics, including programmes
targeting neglected tropical diseases. 1126

One of the main conceptual challenges in tautomerism is its in-
terplay with aromaticity. Aromaticity is among the most widely
used yet debated ideas in chemistry, and lacks a universally
accepted definition.27"29 While Hiickel’s rule offers a practical
rule-of-thumb, its scope is limited.2? In general, equilibria in-
volving an aromatic and a non-aromatic tautomer are expected
to favour the aromatic species. Surprisingly, this expecta-
tion frequently breaks down: numerous tautomeric equilibria
are dominated not by the aromatic species, but by carbonylated

2| Journal Name, [year], [vol.], 1

forms

Because tautomerism has long been linked to the concept of
aromaticity,®3 numerous theoretical approaches have sought to
rationalise tautomeric preferences in these terms. Early work
by Katritzky and co-workers introduced empirical resonance-
energy schemes to quantify aromatic stabilisation across tau-
tomeric series,27B3%36 wyhile Schlegel and co-workers provided
benchmark calculations for prototypical systems such as 2-
pyridone.? Complementary orbital-based analyses have also
been employed. For example, Hejazi et al.38 used natural bond
orbital (NBO)3? calculations to interpret the gas-phase prefer-
ence for 2-hydroxypyridine (1a, Fig. [Ip) in terms of steric and
electrostatic effects within a Lewis-type framework. More gen-
erally, such approaches often invoke donor-acceptor interac-
tions, including n(N)— n*(C=0) delocalisation in systems such
as uracil derivatives. 4941 Alternative interpretations have also
been proposed, including differing assessments of the roles of
steric repulsion, hyperconjugation, and orbital interactions, al-
though the relative importance of these effects remains debated
and method-dependent.2 Despite this extensive literature, a sim-
ple and transferable framework for predicting tautomeric prefer-
ences across chemically diverse series remains lacking.

The carbonyl group provides a powerful counterbalance to aro-
matic stabilisation. The bond dissociation energy of a C=0 dou-
ble bond, ca. 178 kcal mol~! (Table S1), exceeds the combined
strength of two single C—O bonds (ca. 86 kcal mol~! each; ca.
172 keal mol~! in total), helping to explain the remarkable per-
sistence of carbonyls in drugs, metabolites, and even in funda-
mental molecules such as carbon dioxide. These tabulated bond-
enthalpy increments are not purely local quantities, but are av-
eraged over different chemical structures and therefore implicitly
contain stereoelectronic interactions present in those structures.
In particular, the enhanced strength of the C=0 bond has been as-
sociated with an anomeric-type n(O) — o/ _x interaction, which
might contribute to the shortening and strengthening of the C=0
bond relative to the corresponding C=N and C=C bonds.*344 1
nucleobases such as uracil and thymine, the equilibrium strongly
favours the carbonylated tautomer, despite the availability of aro-
matic alternatives.2ll The aromaticity of nitrogen-bearing bases
has been extensively examined, and it has been suggested that
the loss of aromaticity in non-aromatic tautomers may be com-
pensated by stronger local bonding.4® This tension between het-
eroaromaticity and carbonyl stability defines the core problem of
many tautomeric equilibria.

A prototypical case is the 2-hydroxypyridine (1a)/2-pyridone
(1b) equilibrium (Fig. ), here labelled R1, which was first
studied by Meyer in 190546 Experiments consistently show that
the aromatic 1a is preferred in the gas phase, whereas the car-
bonylated 1b dominates in condensed phases. 4754 These sys-
tems have been characterised using mass spectrometry and IR/UV
spectroscopy in the gas phase, pK, measurements and
NMR in aqueous solution,5” and X-ray diffraction and resonant
inelastic X-ray scattering (RIXS) in the solid state SH58H60 Ap_
other key equilibrium involves 2-aminopyridine (7a) and 2(1H)-
pyridinimine (7b, Fig. [Ip), which plays a role in heterocyclic
reactivity, acid-base chemistry, and even RNA sequenc-
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ing through thiolated nucleosides.®3 Similar tautomeric prefer-
ences are also essential to base pairing and mutagenesis, and
molecular aggregation in prebiotic chemistry.

Predicting tautomeric preferences remains challenging because
the balance between aromatic stabilisation and carbonyl stability
is difficult to anticipate. Here, we introduce a simple qualita-
tive model that captures the principal energetic contributions and
enables reliable predictions across a range of heteroaromatic sys-
tems. A list of all molecules investigated in this work is shown in

Fig.[1]}
2 Computational Details

Density functional theory (DFT) calculations were performed us-
ing the ORCA 6 software package. The choice of functional
and basis set was validated against DLPNO-CCSD(T)/CBS cal-
culations®® using the R1 equilibrium as the benchmark system,
given its well-documented sensitivity to electronic-structure treat-
ment. Among all functionals screened with the def2-TZVP basis
set, ®B97M-D4rev®? delivered the smallest mean absolute de-
viation (MAD) relative to the coupled-cluster reference, with all
range-separated functionals falling within chemical accuracy (Fig.
S6a). A subsequent basis-set scan confirmed def2-TZVPP®8 as the
best compromise between cost and accuracy (Fig. S6b), and this
combination was therefore adopted throughout. Geometry opti-
misations and harmonic frequency analyses were carried out at
the ®B97M-D4rev/def2-TZVPP level to confirm stationary points
as minima (no imaginary frequencies) and to obtain thermochem-
ical functions within the ideal-gas, rigid-rotor harmonic-oscillator
(RRHO) approximation. Unless stated otherwise, reported ther-
modynamic quantities are derived from these frequency calcula-
tions.

Valence bond calculations were performed using VB2000 inter-
faced with the GAMESS-US package. Chemical-bond anal-
yses were carried out using the generalised product function
energy partitioning (GPF-EP) method,”! as implemented in
VB2000. This framework is particularly suited to the present
problem because it provides direct access to the energetic
contributions associated with self-consistently optimised non-
orthogonal one-electron orbitals and the interference terms aris-
ing from their interactions.

GPF-EP applies the Ruedenberg density partitioning”2 to a gen-
eralised product function (GPF), in which the N-electron wave-
function is expressed as an antisymmetrised product of strongly
orthogonal group functions:

\IJGPF:&{A{\I}(l)7lp(2),...\ll(c)} )

In Ruedenberg’s formulation, the accumulation of electron den-
sity between bonded nuclei is a quantum-mechanical interference
effect, analogous in origin to the density redistribution observed
in the double-slit experiment. This density relocation by inter-
ference provides a quantum-mechanical basis for chemical bond
formation and is illustrated schematically in Fig. [2l Within the
GPF-EP framework, the total energy can therefore be separated
into contributions with a quasi-classical interpretation, such as
electrostatics and charge polarisation, and contributions arising

Chemical Science

a Isolated atoms

Electron density of two a \\‘ @
non-interacting atoms - -

. J

b Quasi-classical density at bonding distance

@@

Reference density from
non-interfering atomic
contributions at the
bond length

¢ Density redistribution by quantum interference

‘
‘ v
Red: density depletion relative to panel b
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Interference redistributes
electron density:
density is depleted near
the nuclei and accumulated
in the bonding region

Fig. 2 Schematic representation of the Ruedenberg density partition
underlying the GPF-EP analysis. (a) Electron density of two isolated,
non-interacting atoms. (b) Quasi-classical reference density obtained by
placing the same atomic contributions at the bonding distance, without
orbital interference. (c) Interference density, defined as the difference
between the total density of the interacting system and the quasi-classical
reference density in panel b. Red regions indicate density depletion near
the nuclei, whereas blue regions indicate density accumulation in the
interatomic bonding region.

from orbital interference. A useful feature of the method is that
this partition can be applied to selected electron groups, such as
individual 2c—2e bonds or larger delocalised groups, including the
six 7 electrons of benzene. A complete derivation is given in Sec-
tion S2 of the Supporting Information; here, we summarise the
key elements.

For each electron group u, the one-electron density is exactly
decomposed into a quasi-classical component, corresponding to
the sum of squared individual orbital densities, and an interfer-
ence component, arising from orbital non-orthogonality:

P —pgd + okt @

The interference density integrates to zero, but redistributes elec-
tron density within the molecule, most notably from the nuclear
centres into bonding regions.

This density decomposition propagates through the pair density

Journal Name, [year], [vol.], 1 |3
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and, consequently, through the total energy:
E[TOT] = E[QC] + E[INT] (3)

where E[QC] is the exchange-corrected quasi-classical energy, in-
cluding independent-orbital density terms, Coulomb interactions,
and inter-group Pauli exchange. Although exchange is quantum-
mechanical in origin, it is included in E[QC] because it arises from
antisymmetrisation between electron groups, rather than from
the intra-group density redistribution caused by orbital interfer-
ence. The E[INT] term is the total interference energy, associated
with the energetic effect of density redistribution caused by con-
structive and destructive interference between non-orthogonal
orbitals. In chemical terms, E[INT] captures the covalent stabil-
isation associated with bond formation, whereas E[QC] contains
contributions that can be interpreted without invoking orbital in-
terference, such as charge polarisation, electrostatic interactions
and repulsion between electron pairs, among others.

All GPF calculations employed a two-group partition. One
group comprised the six 7 electrons of the heteroaromatic ring,
corresponding to the Hiickel sextet in pyridines, diazines, and tri-
azines. For the corresponding non-aromatic tautomers, the same
group comprised the six electrons occupying the formal 7 frame-
work derived from the ring, i.e., the localised pairwise 7 bonds
that replace the aromatic sextet. This group was treated with
SCGVB, allowing all spin couplings among the six electrons. The
second group contained the remaining electrons, including the
o framework, lone pairs, and exocyclic substituents, and was
treated at the Hartree-Fock level. The interference analysis was
carried out for the first group only, because previous work showed
that energy changes associated with distortions of the ¢ frame-
work are predominantly quasi-classical.”# Preliminary tests us-
ing alternative partitions and larger active groups indicated that
this scheme provides a good compromise between wavefunction
quality and the convergence demands of non-orthogonal SCGVB
optimisation. The cc-pVDZ basis set was used throughout.

Before discussing the results, we briefly state the modern
valence-bond picture of bonding in benzene-like aromatics that
underpins our analysis. In this framework, the 7 system is de-
scribed as a six-centre, six-electron (6¢c-6e) delocalised bond, an
SCGVB description first articulated by Cooper et al.2 and sub-
sequently refined in later work.Z#7% From the interference per-
spective, adjacent p-like orbitals in the 7 framework exhibit net
constructive interference around the ring, as reflected in both
the pairwise interference energy terms and the corresponding
interference density. The systems considered here are conven-
tional cases in which the aromatic or non-aromatic character of
the relevant tautomers is well established: the a-tautomers re-
tain a cyclic six-m-electron framework, whereas the correspond-
ing b-tautomers contain localised exocyclic double bonds and no
longer retain the same delocalised ring pattern. Throughout this
work, we therefore use the presence of a 6¢c—6e & bond with net
constructive interference as an operational SCGVB/GPF-EP cri-
terion to identify aromatic bonding patterns within these well-
defined systems. We do not attempt to define or quantify aro-
maticity more broadly, given the continuing debate surrounding

4 Journal Name, [year], [vol.], 1
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Fig. 3 Energetics of the 2-hydroxypyridine (1a) = 2-pyridone (1b) equi-
librium and its saturated reference, 2-hydroxytetrahydropyridine (2a) =
2-piperidinone (2b). Energies (in kcal mol~!) at the @B97M-D4rev/def2-
TZVPP level.

the term.2?

3 Results and Discussion

3.1 The 2-hydroxypyridine/2-pyridone equilibrium and re-
lated series

Following Katritzky’s concept of group transferability,24 we hy-
pothesise that tautomeric preferences can be rationalised by ad-
ditive contributions from the ring and from the exchanging func-
tional group. Focusing on the 2-hydroxypyridine (la) = 2-
pyridone (1b) equilibrium (Fig. |3} top), we define the energy
difference as:

AE = Ej, —E1a = AER + AEpg 4

where AEg captures changes in the ring n-framework (aromatic-
ity gain/loss, ring strain, and polarisation) and AEgg collects lo-
cal bond-energy changes within the interconverted moiety, im-
plicitly including differences in local effects such as electrostatic
interactions and stereoelectronic effects involving the functional
groups. For 1a— 1b, this moiety is (O—H, C=N) — (N—H, C=0);
a rough estimate from tabulated bond enthalpies (Table S1) gives
AEpG ~ —13.17 keal mol ™!, reflecting the strong C=0 bond. The
DFT gap is AE(1a— 1b) = 0.92 kcal mol~! (Table S2, entry 1a—
1b), in line with experiment (0.77 kcal mol )47 Hence, AEg
is on the order of +13 kcal mol~!; specifically, AEg(1a— 1b) =
+14.09 or +13.94 kcal mol~! when using the DFT or experimen-
tal AE(1a— 1b), respectively—nearly compensating the carbonyl
stabilisation. We use this simple decomposition to rationalise
trends across related heteroaromatic series and to formulate an
additive rule for substituent effects.

An independent estimate of AEg(1la— 1b) is obtained by com-
paring the pyridine pair with its non-aromatic analogue, the &-
lactim/§-lactam equilibrium in 2-hydroxytetrahydropyridine (2a)
to 2-piperidinone (2b; Fig. bottom). In this saturated ref-
erence, the ring contribution is minimised, so the observed gap
approximates the functional-group term, AEgg ~ AEsy:. Accord-

ingly:

AER ~ AEzromatic — AEsat (5)

with AE omatic = AE (la—1b) and AEsy: = AE(2a—2b). Using the
tabulated values (Table S2, entries 1a— 1b and 2a — 2b) gives
AEg(1a— 1b) ~ +11.64 kcal mol~!, close to the bond-enthalpy-
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Fig. 4 Relative energies (in kcal mol~!) for homologous tautomeric sets as the number and type of exchanging groups increase. (a) Hydroxy—carbonyl
pairs 1a/1b, 3a/3b, 4a/4b; (b) Hydroxy—carbonyl pairs on a fixed triazine core 5a/5b, 6a/6b, 4a/4b; (c) Amino—imine pairs 7a/7b, 8a/8b, 9a/9b;
(d) Methyl-methylidene pairs 10a/10b, 11a/11b, 12a/12b. In each set, the upper part shows calculated AE and AG with structures; the lower plots
AE versus the count of exchanging groups. Reactions are labelled RX, with X matching the tautomeric pair. Energies (in kcal mol~!) were obtained

at the ®B97M-D4rev/def2-TZVPP level.

based estimate. While part of AEg(1a — 1b) can be ascribed
to loss of the aromatic & pattern, residual ring-structure effects
(e.g., polarisation, geometry, hyperconjugation) also contribute.
In net, the stabilisation from carbonyl formation is almost exactly
offset by ring-framework penalties, yielding the observed small
AE(1la—1b).

We next analyse the wuracil tautomeric pair: 2,4-
dihydroxypyrimidine (3a, lactim) and uracil (3b, lactam).
Assuming additivity for the functional-group term, intro-
ducing an additional (C=O,N—H) unit relative to the
la/1b pair contributes approximately —13.17 kcal mol~!
to AE. With the convention AE = Ez, — Ez,, this gives
AE(3a—3b) ~ AE(la— 1b) —13.17 = -12.25 kcal mol~!, in
excellent agreement with the DFT value, AE(3a/3b) =-11.11
kcal mol~! (Table S2, entry 3a — 3b). Despite the simplicity
of the additivity model, this consistency supports using the
ring/functional-group decomposition to anticipate tautomeric
preferences across related systems.

~
~

Although the present analysis focuses on gas-phase tautomeric
preferences, the reader may be interested in the effects of sol-
vation on tautomeric equilibria. It has long been established
that, for equilibria such as R1, solvents with high dielectric con-
stants favour the carbonylated form, whereas solvents with low
dielectric constants tend to maintain a more balanced distribu-
tion of tautomers (see ref.”Z). Experimentally, the dominance
of the lactam form 1b in aqueous solution prompted us to ex-
amine the effect of implicit solvation on the prototypical R1
equilibrium. As shown in Fig. S2a, inclusion of water via the
CPCMZ8 and SMDZ? continuum models reverses the slight gas-

phase preference (AE = 40.92 kcalmol~! in favour of 1a), yield-
ing AE ~ —4 kcalmol~! in favour of the carbonylated tautomer
This result is consistent with ex-
perimental data obtained in aqueous solution.8%8L We attribute
this reversal to differential electrostatic stabilisation: the larger
dipole moment and enhanced hydrogen-bond-accepting capacity
of the lactam form are better accommodated in a polar protic en-
vironment. This changes the effective magnitude of AEg while
leaving AErg comparatively unchanged (vide Fig. S2b). Conse-
quently, the functional-group term changes only modestly in polar

1b in both solvation models.

solvents, whereas the aromatic ring penalty is affected by dielec-
tric screening and polarisation effects.

A comprehensive solvation analysis of all tautomeric pairs is
beyond the scope of the present work.We emphasise that the pre-
dictive model developed here primarily describes gas-phase tau-
tomeric preferences, and its direct application to solution-phase
equilibria requires explicit treatment of solvation effects. Nev-
ertheless, these results confirm that the ring/functional-group de-
composition framework remains qualitatively valid across phases:
solvation changes the effective ring/polarisation contribution in
favour of the carbonylated tautomer, while the functional-group
term remains comparatively transferable.

Finally, the additive framework developed here is most directly
applicable to six-membered N-containing heteroaromatic rings,
for which AEg is well-defined and AEgg can be approximated
using transferable bond-enthalpy increments. Extension to n-
membered heteroaromatic rings would require reparameterisa-
tion of AE; due to differences in electronic structure and con-
formational effects. Moreover, the transferability of AEgg is ex-
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Fig. 5 Interference-energy analysis of selected tautomeric equilibria within the SCGVB/GPF-EP framework. The total energy is partitioned into
quasi-classical, E[QC], and interference, E[INT], contributions. In the absence of the interference contribution, the aromatic tautomers would prevail
across the series. Numerical values for the total decomposition are provided in Tables S4-S5, while the corresponding interference-density plots and

pairwise p-orbital interference terms are shown in Figs. S3—-S4 and Table S6.

pected to be greatest when functional groups are directly conju-
gated to, or in close electronic communication with, the aromatic
ring. Nevertheless, the underlying principle that cumulative for-
mation of multiple C=0/N—H units can overcome aromatic sta-
bilisation and shift equilibria towards carbonylated tautomers is
expected to remain broadly applicable.

3.2 Carbonyls vs. 6¢-6e bonds

Fig. [4] summarises the relative energies for homologous tau-
tomeric sets as the number and type of exchanging groups in-
crease. The figure is organised as follows: (a) hydroxy—carbonyl
pairs 1a/1b, 3a/3b, 4a/4b, increasing the number of OH groups
in the enolic tautomer from 1 to 3 while simultaneously moving
from pyridine to triazine; (b) hydroxy—carbonyl pairs on a fixed
triazine core with a stepwise increase in OH groups (pairs 5a/5b,
6a/6b, 4a/4b); (c) amino-imine pairs traversing the heteroaro-
matic scaffold from pyridine to triazine (pairs 7a/7b, 8a/8b,
9a/9b); and (d) methyl-methylidene pairs, increasing from one
to three CH; substituents (pairs 10a/10b, 11a/11b, 12a/12b),
while likewise progressing from pyridine to triazine. In each case,
the upper portion shows the calculated AE and AG for the individ-
ual tautomeric transformations together with the corresponding
structures, and the lower portion plots AE against the number of
exchanging functional groups. Each transformation is labelled as
RX, where X matches the label of the corresponding tautomeric
pair. While each series is limited, chemical consistency of the
slopes across structurally related series provides qualitative sup-
port for the additive model. We present these correlations as il-
lustrations of the additivity principle rather than statistically vali-
dated quantitative predictions.

When only a single tautomeric group is present (e.g., R1, R5),
the aromatic tautomer is only marginally favoured; the small
AE/AG reflects near-cancellation between the local stabilisation
gained on forming a C=0/N—H unit and the penalty associ-
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ated with perturbing the ring n-framework. Introducing addi-
tional O-bearing groups (hydroxy—carbonyl) drives a monotonic
shift towards the carbonylated structures, both along the scaf-
fold change from pyridine to triazine (R1—+-R3—R4) and on a
fixed triazine core (R5—R6—R4). In the lower panels, AE varies
approximately linearly with the number of (C=0,N—H) units,
consistent with an additive model. Linear fits give slopes of —
13.2 kecalmol ! for (a) and —13.6 kcalmol~! for (b), an average of
-13.4 kecalmol ! per C=0/N—H formed. Accordingly, inversion
of the preference typically requires two such units. The corre-
sponding AG values follow the same trend at ambient tempera-
ture, indicating that entropic contributions are modest relative to
the dominant enthalpic term.

By contrast,
methyl-methylidene), the aromatic tautomer is reinforced: ex-
ocyclic C=N or C=CH, formation is disfavoured relative to re-
tention of an NH, or CH3 donor on an aromatic ring, which
better supports the ring 7-system and avoids the additional po-
larisation/strain associated with extra exocyclic multiple bonds.
Quantitatively, the AE—count correlations display positive slopes
of +8.7 and +9.8 kcal mol~! for (c) and (d), respectively.
Across these sets, AE spans 14.24—31.57 kcal mol~! for (¢) and
22.94—42.47 keal mol~! for (d), and the corresponding AG val-
ues closely track AE at ambient temperature, indicating minimal
entropic modulation of the overall trend. As a result, the non-
aromatic alternatives remain higher in energy throughout these
series. A related boundary case is provided by benzenoid phe-
nols: carbonyl formation stabilises the keto forms, but the net
gas-phase AE remains in favour of the enol across phenol, re-
sorcinol, and phloroglucinol; the enol-keto gap decreases as the
number of OH groups increases but does not invert under these
conditions (Table S3 and Fig. S1), as discussed further below.82

for N- and C-bearing pairs (amino-imine;

Building on these additive trends, we next examine how the
energy balance is resolved within the SCGVB/GPF-EP frame-

Page 6 of 12



Page 7 of 12

b SCGVB orbitals : exocyclic C=X = bond (X = O, NH, CH,)

S a8 =58

energies in kcal mol™"

ElNT]¢o0 =757
1b

ETINT]o-y = —65.8
7b

ElINT]¢_c = -57.3
10b

.

J

a SCGVB orbitals: 6¢c-6e = bond ¢ 'NBO

.

Chemical Science

r-acceptor delocalisations energies in kcal mol ™!

~

n(N)—T*(C=0)
E@ =723

n(N)—T*(C=N)
E® =633

n(N)—m*(C=C)
E2 =554

\

n(0)—0*(C-N) O(N-H)—0*(C—N) 0(C-H)—0*(C-N)
E® =388 E@ =139 E®=93
1b 7b 10b

J

Fig. 6 SCGVB/GPF-EP and NBO analysis of the singly substituted equilibria R1, R7, and R10. (a) SCGVB orbital representation of the aromatic 6c—6e
7 bond in 1a, 7a, and 10a. (b) Localised exocyclic C=X 7 bonds in 1b, 7b, and 10b (X = O,NH,CH,), with the corresponding pairwise interference
energies, E[INT]._y, in kcal mol~!. Negative values denote stabilising interference contributions. (c) Selected NBO donor—acceptor delocalisations
in the non-aromatic tautomers. The upper row shows resonance-type n(N) — 7*(C=X) interactions associated with the exocyclic C=X unit, whereas
the lower row shows the principal o*(C—N)-acceptor interactions used in the stereoelectronic comparison. Second-order perturbation energies, E@,

are given in kcal mol~! as positive stabilisation energies.

work. Fig. |5| decomposes the total energy (E[TOT]) into quasi-
classical (E[QC]) and interference (E[INT]) contributions for rep-
resentative tautomerisation reactions. Across all cases analysed,
the two components act in opposition: the E[QC] term consis-
tently favours an aromatic arrangement of the ring # system,
whereas the E[INT] term favours localisation into stronger 2c—
2e bonds, including carbonyl and other exocyclic double bonds.
In other words, in the hypothetical absence of quantum inter-
ference, all series would prefer the aromatic a-forms; the pref-
erence for carbonyl-bearing tautomers, where observed, is en-
abled by the stabilising E[INT] contribution. This picture accords
with z-distortivity®384: interference promotes double-bond for-
mation and bond-length alternation, while E[QC] resists local-
isation. The corresponding pairwise p-orbital interference ma-
trices and interference-density plots, reported in the Supporting
Information, show this reorganisation explicitly: aromatic tau-
tomers retain a delocalised 6¢c-6e signature, whereas carbony-
lated tautomers display localised patterns consistent with bond
alternation. It also echoes our previous SCGVB/GPF-EP analysis
of benzene,7# wherein interference stabilises Kekulé-type struc-
tures through the formation of three strong 2c-2e bonds, con-
sistent with experimental indications of n-driven distortivity.
Large shifts in tautomer preference arise when the interference
gain from forming localised bonds (notably C=0) outweighs the
E[QC] bias towards the aromatic structure. Small residual dis-
crepancies in sign or magnitude in cases with small energy differ-
ences reflect modest missing dynamic correlation in the SCGVB
description without altering these qualitative conclusions.

To understand why carbonyl formation, but not imine or
methylidene formation, can overturn the aromatic preference,
we focus on the singly substituted equilibria R1, R7, and R10
(Fig. [(). These three systems undergo the same formal con-
version from an aromatic a tautomer to a non-aromatic b tau-
tomer, but differ in the exocyclic unit formed: C=0, C=NH, or

C=CH,. The SCGVB orbitals of 1a, 7a, and 10a show the six
non-orthogonal orbitals that combine to form the aromatic 6¢c-6e
7 bond (Fig. [6h). The close similarity among these orbital pat-
terns indicates that the three aromatic tautomers share a compa-
rable electronic structure before tautomerisation. We note that
SCGVB orbitals are allowed to polarise, thereby incorporating
simple ionic-like contributions into the wavefunction,®? which
improves the quantitative description without changing the qual-
itative bonding assignment.

In the corresponding b tautomers, this 6¢c—-6e arrangement is
replaced by a localised exocyclic C=X « bond (Fig.[6p). The pair-
wise interference energies for these exocyclic bonds become pro-
gressively less stabilising from 1b to 7b and 10b, with E[INT]~_y
values of —75.7, —65.8, and —57.3 kcal mol~!, respectively. This
local trend parallels the total AE[INT] values for the correspond-
ing tautomerisations, which decrease in stabilising magnitude
from R1 to R7 and R10 (—26.7, —21.1, and —14.3 kcal mol~!,
respectively). Carbonyl formation therefore gives the largest in-
terference stabilisation among the three exocyclic units, although
the final tautomeric preference still depends on its balance with
the quasi-classical penalty. The other side of the balance is the
quasi-classical term. In all three reactions, E[QC] favours the aro-
matic tautomer, with AE[QC] values of +25.7, +34.6, and +40.3
kcal mol~! for R1, R7, and R10, respectively. The slight prefer-
ence for 1b therefore arises only because the interference stabil-
isation is large enough to overcome this quasi-classical penalty.
In R7 and R10, the interference term is weaker and the quasi-
classical penalty is larger, so the aromatic tautomers remain pre-
ferred.

We next used NBO analysis to relate these trends to a more con-
ventional stereoelectronic description of tautomerism. Such anal-
yses are often framed in terms of hyperconjugation and donor—
acceptor delocalisation, in which occupied lone-pair, 6, or &
donor orbitals interact with antibonding acceptor orbitals. This
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stereoelectronic language has been emphasised by Alabugin and
co-workers in the context of hyperconjugation, anomeric effects,
donor-acceptor orbital interactions, the stereoelectronic role of
oxygen, and the stabilisation of carbonyl, amide, and urea mo-
tifs 40143144188l The NBO results provide complementary explana-
tion for why carbonyl formation has different consequences in
N-heteroaromatic and all-carbon benzenoid systems. In the N-
heteroaromatic series, carbonylated tautomers become preferred
once two or more C=0/N—H units are present. In the benzenoid
phenol series, carbonyl formation also reduces progressively the
enol-keto energy gap but is not sufficient to invert the tautomeric
preference under the gas-phase conditions considered here (Ta-
ble S3 and Fig. S1).

The selected NBO interactions support two complementary
comparisons (Fig. @ and Table S7). First, the resonance-
type n(N) — n*(C=X) interactions in the non-aromatic N-
heteroaromatic tautomers decrease from the lactam-type car-
bonyl tautomer 1b (E® =172.3 kcal mol™!) to the imine tautomer
7b (E® = 63.3 keal mol™!) and the methylidene tautomer 10b
(E® =554 keal mol™!). Second, the all-carbon benzenoid keto
tautomer provides two useful reference points (Fig. S5 and Ta-
ble S7). Its dominant conjugative interaction is the enone-like
m(C=C) — 7*(C=0) donation (E® =29.1 kcal mol~!), which is
much smaller than the lactam-type n(N) — 7*(C=0) interaction
in 1b. A more site-specific comparison is obtained by replac-
ing the ring N-lone-pair donor in 1b with the benzenoid CH,
unit present in the keto tautomer of phenol. The correspond-
ing 0(C—H) — ©*(C=0) hyperconjugative donations are only 7.0
and 7.2 kcal mol~!, or 14.2 kcal mol~! combined. Thus, replacing
the lactam N-lone-pair donor by CH, removes a strong resonance
interaction, providing a stereoelectronic reason why carbonyl for-
mation is less able to overcome aromaticity in the benzenoid se-
ries.

The selected ¢*(C—N)-acceptor interactions shown in Fig. [6f
give a related but less dramatic comparison. Within the non-
aromatic b-tautomers, the carbonylated N-heteroaromatic tau-
tomer 1b has the strongest interaction, n(0) — ¢*(C—N) (E?) =
38.8 kcal mol~!). The corresponding interactions are weaker in
the imine and methylidene tautomers: ¢(N—H) — ¢*(C—N) in
7b (E?® = 13.9 kcalmol~!) and o(C—H) — ¢*(C—N) in 10b
(E® = 9.3 kcal mol~!). The carbonylated tautomer 1b also
has a stronger n(O) — o*(C—N) interaction than the analogous
n(0) — 0*(C—Cgy) interaction in the all-carbon benzenoid ref-
erence (E() = 29.3 kcal mol~ ).
tionally sensitive. The higher-energy imine isomer 7b’ is in-
cluded in Table S7 because it allows the more directly comparable
n(N) — ¢*(C—N) interaction; this term has E(2) =21.8 kcal mol !,
still substantially smaller than the corresponding carbonyl inter-
action in 1b.

The imine case is conforma-

A differential comparison between the aromatic a and non-
aromatic b tautomers gives the same qualitative trend. For
the selected o*(C—N)-acceptor interactions associated with the
tautomerising unit, the increase in E(?) is largest for 1a—1b
(+30.9 kcal mol~!), smaller for 7a—7b (+8.2 kcal mol~'), and
smallest for 10a—10b (+4.4 kcal mol~!). Because NBO E(?) val-
ues are perturbative donor-acceptor descriptors rather than ther-
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Fig. 7 Successive deamination of melamine on a 1,3,5-triazine core,
showing dominant tautomers and computed AE /AG for each tautomeri-
sation and deamination step. Amino/imine substituents stabilise the
aromatic tautomer, whereas hydroxy/carbonyl units favour the localised,
non-aromatic (lactam) tautomer; two C=0/N—H units typically over-
turn the aromatic preference. Accordingly, melamine (9a) and ammeline
(13a) are aromatic; ammelide (14b) and cyanuric acid (4b) are non-
aromatic. Energies (in kcal mol™!) at the ®@B97M-D4rev/def2-TZVPP
level.

modynamic energy components, this comparison is used qualita-
tively; nevertheless, it supports the same ordering inferred from
the SCGVB/GPF-EP analysis.

This stereoelectronic picture complements the SCGVB/GPE-
EP energy decomposition. Within the SCGVB/GPF-EP frame-
work, carbonyl formation gives strong local interference sta-
bilisation through formation of localised 2c-2e C=0 bonds,
whereas E[QC] favours retention of the aromatic tautomer. In
N-heteroaromatic systems, the additional donor-acceptor stabil-
isation associated with lactam-type n(N) — 7*(C=0) resonance
and n(O) — o*(C—N) interactions helps shift this balance to-
wards the carbonylated tautomer.44 In all-carbon benzenoid sys-
tems, the corresponding site-specific CH,-to-carbonyl hyperconju-
gation and of_-based interactions are weaker, so carbonyl for-
mation stabilises the keto forms but is not sufficient to overcome
the aromatic preference. In the imine and methylidene series,
the 6*(C—N)-acceptor interactions increase only modestly upon
tautomerisation, by +8.2 and +4.4 kcal mol~!, respectively, com-
pared with +30.9 kcal mol~! for the carbonylated pair. These
smaller stereoelectronic gains are therefore insufficient to off-
set the weaker interference stabilisation and larger quasi-classical
penalties in R7 and R10. Thus, the observed tautomeric prefer-
ence is determined by the relative magnitude of these opposing
contributions, rather than by aromaticity, carbonyl strength, or
donor-acceptor effects alone.

3.3 Tautomeric preferences along a deamination pathway

To illustrate the predictive power of the additive model, we ex-
amine the successive deamination pathway of melamine (9a)
to ammeline (13a), ammelide (14b), and cyanuric acid (4b).52
Each intermediate admits hydroxy—carbonyl (lactim-lactam) tau-
tomerism on the 1,3,5-triazine core, and in the literature these
metabolites are often sketched interchangeably in either form. In
practice, however, a single tautomer dominates for each species,
and using the wrong depiction propagates confusion in reaction
schemes. A consolidated scheme with the computed electronic
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and free-energy differences for each tautomeric transformation
and deamination step is provided in Fig.

Within this framework, amino/imine substituents stabilise the
aromatic tautomer, whereas hydroxy/carbonyl units favour the
localised, non-aromatic alternative; in practice, two C=0/N—H
units are usually required to overturn the aromatic preference.
Applied to this series: melamine (three NH,) strongly prefers the
aromatic tautomer; ammeline (two NH, plus one OH) remains
aromatic; ammelide (one NH, plus two C=0/N—H) crosses over
to the non-aromatic, lactam-dominated tautomer; and cyanuric
acid (three C=0/N—H) is firmly non-aromatic. These assign-
ments align with the trends quantified above and rationalise
which depictions are chemically faithful at each stage of the path-
way.

Conclusions

In summary, we investigated heteroaromatic tautomeric equilib-
ria and showed that their preferences arise primarily from the rel-
ative energetic balance between the exchanging functional groups
and the aromatic ring framework. A simple ring/functional-group
model rationalises the 2-hydroxypyridine/2-pyridone benchmark
and extends across related series, where the introduction of
C=0/N—H units shifts the equilibrium in an approximately
additive manner, typically requiring two such units to over-
turn the aromatic preference. In contrast, amino/imine and
methyl/methylidene exchanges reinforce the aromatic tautomer,
consistent with the disfavouring of exocyclic C=N and C=CH,
formation.

The SCGVB/GPF-EP analysis provides a mechanistic interpre-
tation of these trends. Specifically, E[QC] favours aromatic ar-
rangements associated with a 6¢c-6e n-bonding pattern, whereas
E[INT] favours the formation of localised, electron-precise 2c—
2e bonds, particularly C=0 units. This opposition provides an
energy-decomposition expression of n-distortivity: interference,
which encapsulates covalent contributions, stabilises bond lo-
calisation and bond-length alternation, while the quasi-classical
term favours retention of the delocalised aromatic arrangement.
The observed tautomeric preference therefore reflects the bal-
ance between these contributions, with carbonyl groups distin-
guished by a sufficiently large interference stabilisation to over-
come the quasi-classical preference for aromaticity. The accom-
panying NBO analysis suggests a complementary stereoelectronic
interpretation, where lactam-type carbonylated tautomers ben-
efit from stronger n(N) — n*(C=0) resonance and associated
0*(C—N)-acceptor interactions than the corresponding imine,
methylidene, or all-carbon keto references.

The additive model is most directly applicable to six-membered
N-heteroaromatic systems, but it also successfully explains energy
differences between tautomeric forms in other aromatic series. In
benzenoid phenols, for example, a similar regime is observed, al-
though it leads to a different outcome: carbonyl formation also
stabilises the keto forms, but the aromatic tautomer remains pre-
ferred even as the enol-keto gap decreases with increasing hy-
droxyl substitution, reflecting the larger penalty associated with
disrupting an all-carbon 7 framework. The same balance between
quasi-classical and interference contributions therefore applies,

Chemical Science

but the relative magnitudes of these terms lead to a different tau-
tomeric outcome.

Finally, the model rationalises the evolution of tautomeric pref-
erences along the deamination pathway from melamine to cya-
nuric acid. Melamine and ammeline retain aromatic structures,
whereas ammelide and cyanuric acid cross over to the carbony-
lated, non-aromatic forms once two or more C=0/N—H units are
present. Although quantitative values may vary with improved
correlation and solvation, this approach offers a simple and trans-
ferable basis for understanding and predicting tautomeric prefer-
ences across related molecular scaffolds.
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